Objectives: To investigate the association between polymorphisms in the p53 pathway genes and chromosomal damage in vinyl chloride (VC)-exposed workers. Materials and Methods: Cytokinesis block micronucleus test was performed in 310 VC-exposed workers and 149 non-exposed workers to determine chromosomal damage. The polymerase chain reaction and restriction fragment length polymorphism technique were used to detect six SNPs in the p53 pathway genes involved in the cell cycle. Results: There was a highly significant dose-response relationship between VC exposure and chromosomal damage. Individuals carrying the variant genotypes were at higher risk for chromosomal damage compared with their wild type genotype: p53rs1042522, MDM2 Del1518rs3730485, MDM2rs2279744 and GADD45Ars532446. On the other hand, individuals possessing the variant genotype of CDKN2A rs3088440 had significantly decreased risk compared with the corresponding wild-type. Conclusions: Genetic polymorphisms in P53 pathway genes may have an impact on VC-induced chromosomal damage.
INTRODUCTION
Vinyl chloride monomer (VC) is commonly used in the plastics industry to produce polyvinyl chloride (PVC) which has wide usage in resins, packaging materials, and wire and cable coatings, among others [1] . In 1987, the International Agency for Research on Cancer (IARC) classified vinyl chloride (VC) as a confirmed human carcinogen based on its association with hepatic angiosarcomas [2] .
VC is easily absorbed through the respiratory tract and diffuses into the blood. Following absorption, VC is metabolized by human liver cytochrome P4502E1 (CYP2E1) to the reactive intermediate chloroethylene oxide (CEO) . The unstable CEO can rearrange spontaneously to chloroacetaldehyde (CAA) [3] . Both of these metabolites interact with DNA to form DNA adducts and induce errors during DNA and RNA synthesis. Previous studies showed that VC exposure physiological stress, as well as to have a role in development and carcinogenesis [9] . GADD45A induction following DNA damage is rapid, transient and dose-dependent. GADD45A may play a role as an upstream effect factor in p53 stabilization following DNA damage [10] . The cytokinesis-block micronucleus (CBMN) assay is the most reliable method for measuring the micronuclei (MN) in peripheral blood lymphocytes (PBLs). In this assay, PBLs are induced to divide in vitro in culture, and MN are scored in cells that have completed one nuclear division; these cells are recognized by their bi-nucleated (BN) appearance after cytokinesis is inhibited by cytochalasin-B. The CBMN method can reliably assess chromosome dama ge, including chromosome breakage and chromosome loss from occupational and environmental exposures. Some investigations have demonstrated that the frequency of MN is increased in the lymphocytes of individuals occupationally exposed to VC [11] . Previously, we conducted investigations of the genotoxicity of VC and the effect of genetic polymorphisms of genes involved in metabolism and DNA repair [11] [12] [13] . To the best of our knowledge, there have been few investigations of the effect of genetic polymorphisms of genes involved in cell cycle on CBMN frequencies in VC workers. Therefore, the aim of the present study was to determine whether p53 pathway polymorphisms involved in the cell cycle (p53 ins/del (rs17878362), p53 Arg72Pro C > G (rs1042522), MDM2 Del1518 (rs3730485), MDM2 SNP309 T > G (rs2279744), CDKN2A G > A (rs3088440), and GAD-D45A T > C (rs532446) modified chromosomal damage in VC-exposed workers.
MATERIALS AND METHODS

Study subjects and epidemiological data
After obtaining appropriate informed consents, we conducted personal interviews with structured questionnaires among the current workers of two PVC polymerization is associated with increased genotoxicity in humans such as chromosome aberrations, micronuclei (MN) and DNA strand breaks [4] . However, individual variations in response to the exposure have been noticed, and these variations may be due to genetic differences in the formation or removal of VC-DNA adducts. Susceptibility to genotoxicity may be modulated by the genetic polymorphisms of metabolic enzymes, DNA repair proteins and cell-cycle control proteins. The p53 pathway is composed of a network of genes that respond to a variety of intrinsic and extrinsic stress signals that affect cellular mechanisms monitoring DNA replication, chromosome segregation and cell division. The p53 gene is a tumor suppressor gene that plays a central role in preventing carcinogenesis by acting as a transcription factor to induce cell cycle arrest and apoptosis. It is one of the most intensely studied human genes and is often called the "guardian of the genome". The MDM2 protein is a cellular inhibitor of p53 that can bind the transactivation domain of p53 and down-regulate its ability to activate transcription [5] . The MDM2 gene is positively regulated by p53-mediated transcription forming a negative feedback loop to keep both proteins at normal levels. Recent data have suggested that dephosphorylation of MDM2 ser394 regulates attenuation of the p53-mediated response to DNA damage, and phosphorylation of MDM2 by ATM following DNA damage is necessary for p53 stabilization [6] . In the pathway triggered by aberrant growth signals, such as the oncogenes Ras or Myc, activation of the p53 network in humans depends on a protein called CDKN2A/ p14 ARF [7] . CDKN2A is a potent tumor suppressor that regulates the activities of the retinoblastoma protein and the P53 transcription factor. The CDKN2A protein binds to the MDM2 protein and negatively modulates its ubiquitin ligase activity, increasing the levels of p53 [8] . Gadd45A (growth arrest and DNA damage-induced45, alpha) is a DNA damage-responsive gene, which has been shown to participate in cell cycle arrest, DNA repair, cell survival and apoptosis in response to environmental and IJOMEH 2013;26(6) 827 repeated at least 10% of the samples to verify the results, and the results were 100% concordant.
Exposure assessment
VC air samples were collected at different worksites in the VC polymerization plants and analyzed by gas chromatography to determine VC air concentrations of the various worksites and estimate the cumulative exposure dose for each worker. We were able to calculate the cumulative exposure dose for each worker using the following equation:
Cumulative exposure dose (mg) = = ∑ (C×M×T×A×70%/10 6 )
where:
C -the geometric mean of the VC exposure concentration 
Genotyping of cell cycle control genes
The genotypes were determined by the polymerase chain reaction and restriction fragment length polymorphism (PCR-RFLP) method. Primers, amplified fragments, restriction patterns, and restriction enzymes used are listed in Workers who had been exposed to VC for at least 1 year were defined as the exposed group, and logistic service workers and managers in the same factories who had not been exposed to VC or other occupational toxicants were defined as the non-exposed group. A total of 459 workers were included, with 310 in the exposed group and 149 in the non-exposed group, respectively. The age of the exposed group ranged from 20 to 59 years, (mean: 36.01 years). The age of the controls ranged from 24 to 60 years (mean: 44.91 years).
CBMN assay
The CBMN assay was performed according to the standard method described by Fenech [14] . Blood samples were collected by venipuncture in heparinized tubes and sent to a laboratory within a few hours of collection. A 0.5 ml sample of heparin-anticoagulated whole blood was added to 4.5 ml of the medium (RMRI1640). Cytochalasin-B (Sigma-Aldrich, St. Louis, MO) was added to each cell culture after 44 h at a concentration of 6 μg/ml. After 28 h, cultured lymphocyte cells were harvested and fixed with methanol and acetic acid at 4:1, and then the fixed cells were transferred to a glass slide. For the evaluation of chromosomal damage in each studied individual, 1000 bi-nucleated (BN) lymphocytes with wellpreserved cytoplasm were scored blindly by the same reader. In order to maintain quality control, we randomly IJOMEH 2013;26 (6) ng of genomic DNA was amplified by GeneAmp 9600 (Perk in Elmer Corp, Waltham, MA) in a total volume of 15 μl consisting of 0.4 μl for each primer, 7.5 μl of 2×PCR Mix and 5.7 μl of ddH 2 O. The PCR program was a five-minute denaturation step at 95°C; 35 cycles of 94°C for 30-50 s, 55-59°C for 30-50 s, and 72°C for 30-50 s (according to the length of the fragment amplified), respectively; followed by the final extension step at 72°C for 10 min. The PCR products were digested at 37°C for 16 h by the corresponding restriction enzymes, and the digested PCR products were then observed under a UV imaging system (Gel Doc 2000, Segrate, Milan, Italy). For quality control, at least ten percent of DNA samples were selected randomly for repetition of the procedures, and the concordance was 100%. digested by PstI, the wild-type (SNP309T) allele produces a single 121-bp fragment and the variant (SNP309G) allele produces 2 fragments of 104-and 17-bp. For the Del1518 polymorphism, the primers were designed to perform direct PCR amplification. The 216-bp fragment containing the 40bp insertion was assigned as W, and the 176-bp fragment without the insertion was assigned as M. In the GADD45A polymorphism, the wild-type (T) allele produces a single 432bp fragment and the variant (C) allele produces 2 fragments of 306-and 126-bp. Cyclin-dependent kinase inhibitor (CD-KN2A) is an important tumor suppressor gene, p14ARF is an alternate reading frame (ARF) product of the CDKN2A locus. In the CDKN2A polymorphism, the G allele produced two fragments of 108-bp and 35-bp or the variant (A) allele produced a single 143-bp fragment. Approximately 50 Table 2 shows the distribution of subjects' characteristics and the MN frequency. In the VC non-exposed group, females had a lower MN frequency than males (FR = 0.72, 95% CI: 0.53-0.97, p = 0.03). No obvious differences were observed in terms of age, smoking status and alcohol drinking. In the exposed group, subjects aged over 35 years who were smokers had a higher risk than younger non-smokers (FR = 1.74, 95% CI: 1.56-1.93, p < 0.001; FR = 1.33, 95% CI: 1.20-1.47, p < 0.001, respectively). In terms of gender and alcohol drinking, there was a slight increase in the female group and the group drinking alcohol, but it was not statistically significant.
RESULTS
Subject characteristics and risk estimates for demographic and lifestyle factors
Statistical analysis
All statistical analyses were made using SAS software package (version 9.1). The Hardy-Weinberg equilibrium was tested for all genotypes. The influences of individual characteristics, cumulative exposure dose (CED), genotypes and interaction on the frequencies of CBMN cells per 1000 binucleated cells were determined using univariate and multiple Poisson regression analyses. All variables were transformed to categorical ones, with age division into ≤ 35 year and > 35 year, and CED being ranked in quartiles. The mean frequency ratio and its 95% confidence interval were estimated using:
β -the regression coefficient in the Poisson model;
FR -indicated the ratio of the mean MN frequency in a study group compared with a reference one. On the other hand, individuals carrying the CDKN2A rs3088440 GA +AA genotype had a reduced risk compared with those carrying the wild-type GG genotype (FR = 0.63, 95% CI: 0.56-0.70, p < 0.001).
VC exposure levels and genotypes had an effect on the MN frequencies
The multiple Poisson analysis was used to examine the potential effects of CED and gene polymorphisms with adjustment for age, gender, smoking, and drinking ( Table 5) .
VC exposure increased the MN frequencies
Based on CED (range: 16.78-272 247.29 mg), all subjects were stratified into 5 levels of approximately equal size among the 4 levels of exposure: -level 0 (non-exposed), -level 1(≤ 637 mg), -level 2 (637-4566 mg), -level 3 (4566-13 000 mg), -level 4 ( > 13 000 mg). The results of the univariate analysis of CED and MN (Table 3) showed that the MN frequency was significantly elevated for all levels of exposure (level 1 to level 4) compared with the non-exposed one (level 0): -for level 1 (FR = 2.32, 95% CI: 1.80-3.01, p < 0.001), -for level 2 (FR = 3.18, 95% CI: 2.50-4.06, p < 0.001), -for level 3 (FR = 3.85, 95% CI: 3.06-4.88, p < 0.001), -for level 4 (FR = 5.83, 95% CI: 4.69-7.30, p < 0.001). After adjusting for age, gender, smoking and alcohol drinking, the results of the multivariate Poisson regression analyses were highly consistent with the crude results.
MN frequencies related to the genotype in the VC-exposed workers
The genotype distributions at each locus were consistent with the Hardy-Weinberg equilibrium. Table 4 displays Table 3 . Micronuclei (MN) frequency and the related risk estimates of VC-exposed workers and controls at different levels of cumulative exposure dose involved in the p53-pathway may have an impact on individual susceptibility to DNA damage. The CBMN assay used in this study is the preferred method for measuring MN in cultured human cells. The key advantage of the micronuclei is that they are easier to observe and count, and the methodology is simple and facilitates rapid cells assessment. Micronuclei come from chromosome fragments that are not included in the main nuclei. This technique uses cytochalasin-B, which arrests division of the cytoplasm or cytokinesis without inhibiting nuclear division, so it enables such cells to be recognized by their binucleate appearance [15] . Therefore, the MN represents chromosome breakage and chromosome loss. In our study, the results showed that workers exposed to VC had significantly higher MN frequencies than the controls. The results of univariate Poisson regression analyses indicated that older workers ( > 35 year) and smoking workers had higher MN frequencies. No significant difference in the MN frequency was detected in association with the alcohol drinking status or gender, but the associations, if any, may have been masked by the magnitude of the association with VC exposure or the limited number of female workers in the VC-exposed group. The tumor suppressor p53 gene is the most frequently mutated gene in human cancer and has been implicated in maintaining genomic fidelity by controlling cellular response to genotoxic stress [10] . The 16 bp insertion and deletion polymorphisms (rs17878362) in intron3 may participate in the regulation of the p53 expression and thus play a role in the stability of the p53 protein. It has been reported that mutations and deletions of the p53 gene can increase the hepatocellular carcinoma (HCC) risk [16] . The presence of the biomarkers for variant p53 was found to be highly significantly associated with cumulative VC exposure [17] . Thus, genetic polymorphisms in p53 have been thought to be possible biomarkers of susceptibility to VC. In our study, we found that individuals with the deletion allele were subjected to a higher risk than those with the insertion allele Refers to the frequency ratios. FRs were adjusted for age, gender, smoking and alcohol drinking condition.
*, ** In each CED and gene stratification (4×3), FRs were obtained by comparing with the major alleles, * p < 0.001 and ** p < 0.05.
Other abbreviations as in Table 2 [24] . Researchers have observed that CDKN2A polymorphisms were associated with a moderately but significantly increased risk of developing a second primary malignancy for patients who had an index squamous cell carcinoma of the head and neck [25] . However, in our study, the workers who possessed the variant genotypes had a significantly decreased risk of the MN frequency compared with the workers with the corresponding homozygous wild-type genotype. This is perhaps due to the fact that the CDKN2A gene can interact with several different proteins and transcription factors or due to the existence of the combined effect of other CDKN2A polymorphisms that were not accounted for.
GADD45A is a genotoxic stress-responsive gene induced by a wide spectrum of DNA-damaging agents including IR, UV and many alkylators [26] . Regulation of GAD-D45A induction after DNA damage is complex and may involve both p53-dependent and independent signaling pathways. Abnormal GADD45A expression levels have been observed in resectable invasive pancreatic ductal carcinomas, and GADD45A is frequently mutated, which combined with the p53 status affects the survival of these patients [27] . One study has shown that the GADD45 proteins can act as sensors of oncogenic stress in breast carcinogenesis [28] . In the present study, a SNP in the GAD-D45A gene, a T-to-C change in intron 3 (rs532446) was significantly associated with the MN frequency. Therefore, this GADD45A polymorphism may also be involved in the susceptibility to DNA damage induced by VC. Genotoxicity is a complex process involving interactions between multiple factors of endogenous and exogenous origin. Although genetic polymorphisms alone can play an important role in the development of diseases, most chronic and complex illnesses are likely to be caused by interactions between environmental exposures and genetic polymorphisms.
(FR = 1.75, 95% CI: 1.57-1.95, p < 0.001). A common polymorphism at codon72 (Arg72Pro, rs1042522) of the p53 gene has recently been reported to be a risk factor for some cancers and chronic diseases like the coronary artery disease [18] . However, there were no associations noted between the MN frequency and the Arg72Pro polymorphism in our study after the adjustments for age, gender, smoking status, alcohol drinking and cumulative VC exposure. Our findings support previous data showing lack of an association between the p53 Arg72Pro polymorphism and the MN frequency [12] . The p53 protein is regulated by an ubiquitin ligase, the MDM2 protein, which binds to p53, blocking its function as a transcription factor, and targeting the p53 protein for mediated degradation. In the MDM2 gene, a SNP (SNP309) results in a nucleotide change from the wildtype thymine (T) to guanine (G) in the intronic promoter/ enhancer region [19] . Previous studies have indicated that this G allele of SNP309 is correlated with higher levels of MDM2 RNA and the protein, which increases the risk for tumorigenesis [20, 21] .
In agreement with these findings, our study also found a significant increase in the MN frequency in the pre sence of a variant allele of the MDM2 SNP309 (rs2279744) polymorphism in VC-exposed workers. MDM2 Del1518 is a 40-bp insertion/deletion polymorphism at a constitutive promoter of MDM2, which can influence the gene transcription. This polymorphism has been studied in relation to cancer and chronic benzene poisoning [22, 23] . Our results suggested that the MDM2 Del1518 polymorphism had an effect on susceptibility to VC. The VC-exposed workers carrying the Del1518 WM+MM genotype had a 1.44 fold increased risk of the MN frequency compared with those carrying the Del1518 WW genotype. The CDKN2Agene interacts directly with MMD2, suppressing the ubiquitin ligase activity of MDM2, and consequently inhibiting MDM2-mediated degradation of p53. Such interaction results in stabilization and accumulation IJOMEH 2013;26 (6) In this study, the results of CED and gene polymorphisms were assessed in a multiplicative model. Positive effects with CED were observed with MDM2 SNP309 T > G (rs2279744) and GADD45A T > C (rs532446), and a nega tive one was seen in CDKN2A G > A (rs3088440).
It is normally difficult to study the subtle phenotypic effects caused by a single gene polymorphism due to the influence of the environment and other related genes. Therefore, studying the main effect and the interaction of different related genes in the same pathway is necessary, but it can require larger sample sizes. Although all the chosen genes in this study play their roles in cell cycle control through the p53 pathway, determining the environment-gene interactions or genetic modification effects is limited by our relatively small sample size, which restricts the number of covariates fitted into the regression model and the statistical power of the study. Therefore, studies with larger sample sizes are needed to verify our findings. Similarly, gene-gene interactions were not analyzed in this study because of the limited sample size and the fact that such a strong environmental effect may mask weaker gene-gene modification effects. The design of future studies can hopefully take these limitations into account.
In conclusion, this is the first time that genetic variants in the cell cycle control pathway associated with p53 have been shown to be involved in DNA damage caused by VC exposure. However, the interaction between genetic polymorphisms and lifestyle-related risk factors among VC-exposed workers is complicated, and the present study is limited in its ability to fully delineate the genegene and gene-environment interactions involved in this process. In order to better understand the mechanisms of VC-induced genotoxicity and carcinogenicity, it will be important to carry out additional studies to validate our findings and to further elucidate the role of genes variants in the p53 pathway associated with VC-induced chromosomal damage.
